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Abstract 
CO2 flue gases acquired from different sources contain a significant amount of impurities and water, 
which are corrosive to the pipeline steel. To design the pipelines for large scale of CO2 flue gas transport, 
the corrosion of pipeline steels has to be investigated in the realistic conditions. 
In this paper, corrosion behaviour of steel S355 and stainless steel 316L in CO2 flue gas solutions has 
been investigated using electrochemical techniques in an autoclave. The corrosion rates of the steels in 
different environments were measured by polarization and mass loss measurements. The corrosion 
morphology and products on the steel surface were analyzed by photo- and electron microscope and x-ray 
diffraction, respectively.  
Three types of polymer coatings on the steel S355 have been studied in 3.5% NaCl solution plus CO2 
in the autoclave at 100 bar and 60°C. The corrosion resistance of the coatings has been measured by 
electrochemical impedance measurements. The structures and the adhesion of the coatings before and 
after the autoclave tests have been investigated using microscope and pull-off test. The results show that 
the Coating B has better corrosion resistance than the other two types of coatings, which is a good 
candidate for internal coatings of a pipeline. 
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The COCATE project (EU FP7) is aiming at developing a common coordinated infrastructure to 
collect CO2 from as many sources as possible at an industrial site in order to reduce the CO2 emissions 
from these sites to the atmosphere. CO2 flue gases collected from these sources contain high amounts of 
water and impurities such as O2, NO2 and SO2. These media are corrosive to the pipeline steel.  
Although experience exists in transport of dry CO2, little data are available for transport of CO2 with 
impurities and with free water. To transport the flue gases, corrosion of pipe steels becomes a critical 
issue in the CCS chain [1-3]. Even the CO2 flue gases being treated and transported in supercritical phase, 
free water may form and accumulate at lower parts of the pipeline, during off-spec conditions (e.g. 
insufficient dehydration) or when the pipeline is shut-in and is cooling down [3]. Corrosion and operation 
problems have been reported in the CO2 project in Sacroc Unit [4]. One leak in the distribution system 
occurred once as a result of hydro-test water remaining in a low spot in line and opening the lateral to 
CO2 pressure. Seiersten measured the corrosion rate for X65 steel in 150 to 300 hours exposure at 40°C in 
water equilibrated with CO2 at 95 bar. The corrosion rate depends on the pressure, temperatures and the 
impurities in the CO2 [5, 6].  
The aim of this work is to obtain substantial corrosion data to support the design of the pipelines for 
large scale CO2 transport and to find solutions for protecting pipeline steels against corrosion.  
In this paper the corrosion properties of carbon steel, stainless steel, and three types of polymer 
coatings have been investigated in laboratory conditions by means of autoclave testing. The corrosion 
rates of steels in different environments have been measured by polarization and mass loss measurements. 
The corrosion resistance of the coatings has been measured as a function of time using impedance 
measurements. The structures and the adhesion of the coatings before and after the autoclave tests have 
been investigated using microscope and pull-off test.  
 
2. Experimental methods 
2.1. Materials  
Steel S355 and stainless steel 316L were cut  in size of 80×50×6 mm. The nominal compositions of the 
materials are present in Table 1. 
Two types of flue gases were used in this study. The composition of the streams in vapor phase are 
presented in Table 2.  
Three types of coatings were applied to S355 steel plates. Coating A was phenol epoxy and Coatings B 
and C were two-pack vinylester systems reinforced with screened glass flecks.   
Table 1. Nominal compositions of the steels (wt. %). 
Material C Mn Si S P Cr Mo Ni Cu Fe 
S355 0.24 1.60 0.55 0.035 0.035 - - - 0.55 rest 
316L 0.03 2.0 0.75 0.03 0.045 18 2.5 12 - rest 
 
Table 2. Compositions of the flue gas (mole fraction) 
Vapour phase CO2 N2 NO2 O2 SO2 (H2O) 
Stream A 0.086 0.723 0.000167 0.089 0.000116 (0.102) 
Stream B 0.113 0.715 0.000062 0.02 - (0.152) 
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2.2. Electrochemical measurements
The gases were mixed in a container and waiting for charging to the vessel in which a Teflon cup
contained aqueous solutions.
Figure 1 shows the illustration of the set-up and the mounted samples. The electrochemical
measurements were performed using three electrode cells, the steel as the working electrode, a KCl
saturated Ag/AgCl electrode as the reference electrode and a platinum mesh as the counter electrode. The
corrosion properties of the steels were studied using open circuit potential (OCP), linear or 
potentiodynamic polarization measurements. The linear polarization was performed by scanning the
potential from -20 mV vs. OCP to + 20 mV vs. OCP. The potentiodynamic measurements were
performed by scanning the potential from -250 mV vs. OCP to +250 mV (for steel) or even more positive
potential (for stainless steel) vs. OCP. The electrochemical impedance measurements (EIS) for the
coatings were performed in 3.5% NaCl solution plus CO2 at 100 bar and 60°C. The frequency range was
0.1-105 Hz and the applied A.C. amplitude was ±10 mV. Triplicate samples were studied in each 
condition. 
Fig. 1. Illustration of the set-up and the samples mounted.
2.3. Mass loss measurements
The steel samples were cleaned and weighed before exposure to the CO2 flue gases. Three S355
samples were exposed to the flue gas Stream A in the gas phase. The flue gas was charged into the
autoclave, in which 100 ml deionized water was in the Teflon cup, to reach the intended pressure.
After exposure for 28 days, the samples were removed from the autoclave, rinsed immediately with 
running tap water to remove soluble salts. Then the samples were chemically cleaned for 10 min. at 20°C
in a fresh solution prepared as follows: mixing 1000 ml of hydrochloric acid (sp gr 1.19) with 1000 ml
deionized water and adding 10 g of hexamethylenetetramine. After cleaning, the samples were rinsed in 
deionized water and dried in flow air. The mass loss was determined by reweighing and subtracting
sample mass after exposure from its original mass.
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The materials and test conditions are summarized and presented in the Table 3. 
 
Table 3.  Materials and test conditions 
Test solution  Stream A 
1.2 bar 
49 °C 
Stream B 
1.65 bar 
65 °C 
CO2 + H2O 
100 bar 
60 °C 
CO2 + 3.5%NaCl 
100 bar 
60 °C 
Material / methods     
S355 / polarization x x x  
316L / polarization x x   
S355 / mass loss test x 
(gas phase) 
   
Coatings / EIS    x 
 
2.4. Adhesion of coatings 
The adhesion of the coatings on S355 steel before and after autoclave tests was measured using self-
aligning adhesion tester type V according to ASTM D4541-02 [7]. The adhesive used for the test was   
two-component epoxy glue, UFU Plus. The pull-off strength of the coatings was recorded. 
2.5. Surface analysis 
The surfaces of the S355 sample exposed to the  flue gas stream A for 28 days were analysed by 
photo-microscopy. The components of corrosion products were determined by XR
radiation. The cross section of the coatings has been investigated by SEM.  
 
3. Results  
3.1. Steel S355 in flue gas solution 
The pH of the Stream A gas flue solution is about 5.5, measured by a pH meter. The pH of the Stream 
B gas flue solution is between 4.7 and 5.3. The pH value increased to 6.0 after two days. 
Figure 2 shows the polarization curve measured for S355 in the Stream A gas flue solution for 6 days. 
Corrosion current density icorr can be calculated from the curves using the Tafel slope method, using 
following equation[8, 9], 
 
icorr = ba×bc / (2.3Rp(ba+bc)) = k/Rp             (1) 
 
where ba and bc are anodic and cathodic slopes, respectively, on the curve; Rp is the polarization 
resistance and k is the proportional constant. Duplicate dynamic polarization measurements have been 
done for S355 steel in the Stream A gas flue solution after exposure for 6 days. The average k value for 
S355 steel in the gas flue is 72. This constant is used to estimate the corrosion current density from the 
linear polarization curves.  
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Figure 3 and Figure 4 show the corrosion current densities as function of time for S355 steel in the
Stream A and B gas flue solutions, respectively. The corrosion rate for the carbon steel in the gas flue can 
be calculated from the corrosion current density. The calculated corrosion rates are presented in Table 4
and Table 5 for the steel in the Stream A and the Stream B gas flues, respectively. The corrosion rate for 
the steel in the Stream A flue solution is about 0.16 mm/y, while it reaches 0.3 mm/y in the Stream B flue
solution after exposure for 6 days. The increase of the corrosion rate with time may be attributed to the
iron ions entering in the solution and leading to the increase of the conductivity of the electrolyte.
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Fig. 2. Polarization curves obtained for S355 steel in the Stream A gas flue solution for 6 days.
Fig. 3. Corrosion current density as a function of time for S355 steels in Stream A flue solution.
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Table 4. Corrosion rate for S335 steel in the CO2 Stream A gas flue solution.
Time (day) CS1 CS2 CS3 Average (mm/y)
4 0.19 0.09 0.07 0.12
5 0.21 0.10 0.08 0.13
6 0.25 0.11 0.11 0.16
Fig. 4. Corrosion current density as a function of time for S355 steels in Stream B flue solution.
Table 5. Corrosion rate for S335 steel in the CO2 Stream B gas flue solution.
Time(day) CS1 CS2 CS3 Average (mm/y)
3 0.23 0.14 0.11 0.16
4 0.29 0.20 0.11 0.20
5 0.37 0.23 0.23 0.28
6 0.41 0.29 0.19 0.30
7 0.41 0.29 0.20 0.30
3.2. Steel S355 in CO2 plus water
The corrosion test for the S355 steel in CO2 plus deionized water (700 ml)  was performed for the
samples with an exposure area of 1 cm2 at 100 bar and 60°C. Figure 5 shows the corrosion potential as
function of time for three samples. At the beginning it was active corrosion and the corrosion potential
increased with time after 3 days, which can be attributed to the corrosion products that covered the metal
surface and hindered the corrosion process.
Figure 6 shows the corrosion rate as a function of time for the S355 steel in this solution. The
corrosion rate decreased from 0.35 mm/y to 0.02 mm/y after 6 days.
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Fig. 5. Corrosion potential as a function of time for S355 steel in CO2 plus water at 100 bar and 60°C.
Fig. 6. Corrosion rates as function of time for S355 steel in CO2 plus water at 100 bar and 60ºC.
3.3. Stainless steel in flue gas solutions
Potentiodynamic polarization curves have been obtained for stainless steel 316L samples in the two
CO2 flue gases. Figure 7 shows the polarization curve measured for a 316L sample after exposure to the
Stream B solution for 4 days. The corrosion current density is 6×10-8 A/cm2 and the corrosion rate is 
about 0.0007 mm/y. A passive potential range is visible on the curve. The passive current density is about
0.5 A/cm2. The break down (pitting) potential Eb is 0.5 V(Ag/AgCl ).  The corrosion current density for 
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the S355 in the Stream A flue solution is about 5.6×10-9 A/cm2 (the polarization curves are not presented 
here), which is lower than in the Stream B solution.  
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Fig. 7. Polarization curve for a 316L stainless steel sample in the CO2 gas Stream B flue solution for 4 days. 
 
3.4. Mass loss of steel S355 in the flue gas  
Steel S355 was exposed to the CO2 flue gas (Stream A) for 28 days (in gas phase). The corrosion 
product on the S355 surface is mainly FeO(OH) determined by XRD analysis. The average corrosion rate 
of the steel calculated from the mass loss data is 0.02 mm/y. However, the morphology of the corroded 
steel shows that the localized corrosion rate (pitting) is as high as 0.6 mm/y.  
 
 
 
 
 
 
 
 
 
Fig. 8. Corrosion morphology after exposure to flue gas stream A for 28 days. 
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3.5.Coating performance 
Figure 9 shows the impedance plots for the three coatings measured after exposure for different times. 
Coating B has the largest impedance at low frequency side. Coating A and C have low impedance at low 
frequency side after exposure for 35 days. Coating C is thicker than Coating A, but it has lower 
impedance than Coating A at 5 days, which suggests Coating C has defects in the coating. After exosure 
to the solution for 60 days, Coating A showed a lot of blisters and Coating C showed a few big blisters in 
the coating. No blister is observed in Coating B (see Figure 10).  
 
 
Fig. 9. Bode impedance plots for three coatings in the 3.5% NaCl solution plus CO2 at 100 bar and 60ºC.  
 
   
Fig. 10. Images for the coatings A, B and C after exposure to the solution for 60 days in the autoclave. 
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Coating A before exposure 
 
Coatings A after exposure 
 
Coating B before exposure 
 
Coating B after exposure 
 
Coating C before exposure 
 
Coating C after exposure 
Fig. 11. Cross section images for the coatings A, B and C before (left side) and after the autoclave test for 60 days (right side). 
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Figure 11 shows the cross section images for the coatings before and after the autoclave test for 60 
days. Coating A has three layers and no big voids in the coating. After the test, the coating has been 
detached from the steel substrate at some places. Coating B has a few voids in the coating near to the 
substrate. After the test there is no significant change at the coating/steel interface. Coating C has more 
voids in the coating compared to Coating B. After the test, a crack is visible inside the coating. 
 
3.5. Adhesion of the coatings 
Figure 12 show the images for the coatings pulled off before and after the autoclave test. The pull-off 
strength for the coatings is presented in Table 6. 
The adhesion of the coatings to the steel is very good before the autoclave test. The pull-off strength 
for Coatings A and B is higher than 20 MPa. For Coating C the adhesion at the coating/steel interface is 
higher than the strength of the coating itself. After the autoclave test the pull-off strength decreased. 
Coating A is delaminated because of the formation of blisters at the coating/steel interface.  Coating C 
breaks inside the coating due to blisters formed in the coating. It was not successful in the first time to 
pull the Coating B off after the autoclave test due to that the epoxy glue was not cured enough.  The 
second time the glued samples were cured in an oven at 40°C for 3 hours, and then the glue was strong 
enough to stick on the coating B and the test was successful. 
 
Table 6. Thickness of the coatings and pull-off strength for the coatings before and after the autoclave test. 
Coatings Thickness (m) Before After Breakage detail 
Coating A 360 22.4 4.5 Coating/metal 
Coating B 1060 20.1 8.4 40% Coating 
Coating C 1150 10.4 9.0 In the coating 
 
The results show that Coating B has better corrosion performance than the other two in the autoclave 
test conditions. Coating B has also good adhesion to the steel substrate. It can be a candidate for 
application in such an environment.  
Coating C has better adhesion than Coating A after the autoclave tests, but both Coatings A and C 
show blisters in the coating after the autoclave tests.  They are not good candidates for this application. 
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Coating A before exposure  
Coating A after exposure 
 
 
Coating B before exposure  Coating B after exposure 
 
 
Coating C before exposure  Coating C after exposure 
Fig. 12.  Images of the pull-off tests for the coatings before and after the autoclave test. 
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4. Conclusions 
The corrosion rate for S355 steel in the CO2 plus water is about 0.02 mm/y at 100 bar and 60°C. The 
corrosion rate for this steel in CO2 flue gas solutions (stream B) is as high as 0.3 mm/y at 1.65 bar and 
65°C. The corrosion rate for stainless steel 316L is very low in the flue gas solutions (< 1 m/y). 
The localized corrosion rate for the S355 is as high as 0.6 mm/y in the flue gas stream A. 
Coating B is a good candidate for application as an internal coating in the pipeline for transport of CO2 
gas. However, it is worth to mention that the influence of thermal expansion and wet/dry cycling on the 
coating performance deserves further attention for its application. 
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